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1. INTRODUCTION {#cas13715-sec-0001}
===============

The ClC Cl^−^ channel/transporter family contains nine members: ClC‐1, ‐2, ‐3, ‐4, ‐5, ‐6, ‐7, ‐Ka, and ‐Kb.[1](#cas13715-bib-0001){ref-type="ref"} ClC‐1, ‐2, ‐Ka, and ‐Kb function as Cl^−^ channels that localize at the plasma membrane, whereas ClC‐3 to ‐7 function as Cl^−^/H^+^ transporters that distribute at intracellular vesicles such as endosomes/lysosomes and contribute to their acidification.[2](#cas13715-bib-0002){ref-type="ref"}, [3](#cas13715-bib-0003){ref-type="ref"} Ion channels/transporters are expressed in several organelles such as mitochondria, endoplasmic reticulum, and endosomes,[4](#cas13715-bib-0004){ref-type="ref"} and intracellular ion channels play a role in the control of cancer development and progression.[5](#cas13715-bib-0005){ref-type="ref"} Intracellular ClC‐3 is highly expressed in metastatic cancer cells, accelerates cell migration,[6](#cas13715-bib-0006){ref-type="ref"} and contributes to the acquisition of resistance to chemotherapeutic drugs and anti‐HER2 therapies.[7](#cas13715-bib-0007){ref-type="ref"} Therefore, ClC‐3 is a potential prognostic biomarker and therapeutic target for metastatic cancers. Intracellular Cl^−^ channel CLIC members (CLIC1‐6) that localize to endosomal/lysosomal vesicles are also involved in cancer development.[8](#cas13715-bib-0008){ref-type="ref"}, [9](#cas13715-bib-0009){ref-type="ref"}

A recent study by Valdivieso et al[10](#cas13715-bib-0010){ref-type="ref"} showed a role for Cl^−^ channels as transcriptional regulators that control the expression of specific genes. ClC‐3 proteins localize in intracellular organelles and function as Cl^−^/H^+^ transporters.[11](#cas13715-bib-0011){ref-type="ref"}, [12](#cas13715-bib-0012){ref-type="ref"} ClC‐3 also contributes to osteo‐differentiation, and its overexpression has been shown to enhance the gene expression of osteogenic markers such as alkaline phosphatase, osteocalcin, and bone sialoprotein.[13](#cas13715-bib-0013){ref-type="ref"} Furthermore, inhibition of ClC‐3 downregulates the expression of the matrix metalloproteinases MMP2 and MMP9 in osteosarcoma cells.[14](#cas13715-bib-0014){ref-type="ref"} The Ca^2+^‐activated Cl^−^ channel ANO1 plays an important role in breast cancer cell proliferation and metastasis by regulating intracellular Cl^−^ concentrations.[15](#cas13715-bib-0015){ref-type="ref"}, [16](#cas13715-bib-0016){ref-type="ref"} Kulkarni et al[17](#cas13715-bib-0017){ref-type="ref"} showed that ANO1 is responsible for the regulation of HER2 signaling. HER2 belongs to an ERBB family of receptor tyrosine kinases and is downregulated through transcriptional and posttranslational mechanisms in cancer cells. Amplification of its gene is observed in approximately 30% of breast cancers, and its overexpression is associated with more aggressive tumors.[18](#cas13715-bib-0018){ref-type="ref"} We previously reported that inhibition of the Ca^2+^‐activated Cl^−^ channel ANO1 resulted in the transcriptional repression of HER2 in HER2‐positive breast cancer YMB‐1 cells.[19](#cas13715-bib-0019){ref-type="ref"} However, the precise mechanisms responsible for HER2 gene expression mediated by ANO1 activation have yet to be elucidated.

PI3K/AKT/mTOR and JAK/STAT3 are both major signaling pathways that lead to breast cancer cell proliferation, and are positive and negative regulators of tumorigenesis‐related genes.[20](#cas13715-bib-0020){ref-type="ref"}, [21](#cas13715-bib-0021){ref-type="ref"} STAT3 is constitutively activated in more than 50% of breast tumors.[20](#cas13715-bib-0020){ref-type="ref"} Liu et al[22](#cas13715-bib-0022){ref-type="ref"} showed that ClC‐3 activators with potent antitumor activities inhibited the PI3K/AKT/mTOR signaling pathway. In contrast, Wong et al[23](#cas13715-bib-0023){ref-type="ref"} showed that the Cl^−^ channel inhibitor exerted suppressive effects on the PI3K/AKT and JAK/STAT3 signaling pathways. HER2 is an attractive therapeutic target for gastric, colorectal, and ovarian cancers, and the STAT3 signaling pathway is associated with the high expression of HER2 in ovarian cancer.[24](#cas13715-bib-0024){ref-type="ref"}

In the present study, we investigated the effects of siRNA‐mediated inhibition of ANO1, ClC‐3/7, and CLIC1 in HER2‐expressing MDA‐MB‐453 and YMB‐1 cells. In MDA‐MB‐453 cells, ClC‐3 proteins were expressed at intracellular vesicles and contributed to the transcriptional regulation of HER2. The present results also suggest the involvement of the PI3K/AKT/mTOR and/or JAK/STAT3 signaling pathways in ANO1/ClC‐3‐regulated HER2 transcription in HER2‐positive breast cancer cells.

2. MATERIALS AND METHODS {#cas13715-sec-0002}
========================

2.1. Chemicals {#cas13715-sec-0003}
--------------

Sources of pharmacological agents were as follows: WST‐1 (Dojindo, Kumamoto, Japan), T16inh‐A01 (Tocris Bioscience, Bristol, UK), everolimus (Cayman Chemical, Ann Arbor, MI, USA), AZD 5363 (Cayman Chemical), MHY 1485 (Cayman Chemical), and DPP (Cayman Chemical). Other agents were obtained from Sigma‐Aldrich (St Louis, MO, USA) or Wako Pure Chemical Industries (Osaka, Japan).

2.2. Cell culture {#cas13715-sec-0004}
-----------------

Breast cancer cell lines YMB‐1 and MDA‐MB‐453 were supplied by the Health Science Research Resources Bank (HSRRB) (Osaka, Japan) and RIKEN BioResource Center (RIKEN BRC) (Tsukuba, Japan), respectively. They were maintained at 37°C in 5% CO~2~ with RPMI 1640 or Leibovitz\'s L‐15 medium (Wako Pure Chemical Industries) containing 10% FBS (Sigma) and a penicillin (100 units/mL)‐streptomycin (0.1 mg/mL) mixture (Wako Pure Chemical Industries).[19](#cas13715-bib-0019){ref-type="ref"}

2.3. RNA extraction, reverse transcription, and real‐time PCR {#cas13715-sec-0005}
-------------------------------------------------------------

Total RNA extraction from cell lines and reverse transcription were carried out as previously reported.[19](#cas13715-bib-0019){ref-type="ref"} cDNA products were amplified with gene‐specific PCR primers, designated using Primer Express™ software (Ver 3.0.1; Thermo Fisher Scientific, Waltham, MA, USA). Quantitative, real‐time PCR was carried out using SYBR Green chemistry on an ABI 7500 Fast real‐time PCR system (Thermo Fisher Scientific). PCR primers of human origin used in real‐time PCR are shown in Supporting information (Methods S1). Unknown quantities relative to the standard curve for a particular set of primers were calculated as previously reported,[18](#cas13715-bib-0018){ref-type="ref"} yielding the transcriptional quantitation of gene products relative to the endogenous standard, ACTB.

2.4. siRNA‐mediated inhibition of target genes {#cas13715-sec-0006}
----------------------------------------------

Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific) was used in all siRNA transfection procedures.[19](#cas13715-bib-0019){ref-type="ref"} Commercially available siRNA oligonucleotides against ClC‐3, ClC‐4, ClC‐5, ClC‐7, CLIC1, ANO1, and control siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) or Thermo Fisher Scientific. Expression levels of the respective transcripts were assessed 48 hours after the transfection of siRNAs using a real‐time PCR assay. The expression levels of HER2 transcripts and proteins were assessed 72 hours after the transfection of siRNAs using real‐time PCR and western blotting, respectively.

2.5. Measurement of protein expression levels by western blotting and immunocytochemical staining {#cas13715-sec-0007}
-------------------------------------------------------------------------------------------------

Protein lysates were prepared from MDA‐MB‐453 and YMB‐1 cells using RIPA lysis buffer for western blotting, as previously reported.[19](#cas13715-bib-0019){ref-type="ref"} Protein expression levels were assessed 48 hours after the compound treatment. Equal amounts of protein (20 μg/lane) were subjected to SDS‐PAGE (10%). Blots were incubated with anti‐HER2/Neu (A‐2; Santa Cruz Biotechnology), anti‐AKT, anti‐AKT Phospho (Ser473), anti‐STAT3, anti‐STAT3 Phospho (Tyr705; BioLegend, San Diego, CA, USA), and anti‐ACTB (6D1; Medical & Biological Laboratories, Nagoya, Japan) antibodies and then with anti‐mouse HRP‐conjugated IgG (Merck Millipore, Darmstadt, Germany). An ECL detection system (GE Healthcare Japan, Tokyo, Japan) was used to detect the bound antibody. The resulting images were analyzed by a VersaDoc 5000MP device (Bio‐Rad Laboratories, Hercules, CA, USA). The light intensity of the protein band signal for respective target protein relative to that of the ACTB signal was calculated using ImageJ software (Ver. 1.42, NIH, Bethesda, MD, USA), and protein expression levels in the vehicle control were then expressed as 1.0.

In the immunocytochemical assay, MDA‐MB‐453 cells were harvested using a sterile cell scraper, and fixed and permeabilized cells by the BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA, USA) were stained using a rabbit polyclonal anti‐ClC‐3 antibody (B‐21; Santa Cruz Biotechnology) and Alexa Fluor^®^ 488‐conjugated goat anti‐rabbit IgG secondary antibody (Thermo Fisher Scientific).[25](#cas13715-bib-0025){ref-type="ref"} Stained cells were subjected to an analysis using LSM 810 laser scanning confocal microscopy (Zeiss, Jena, Germany).

2.6. Statistical analysis {#cas13715-sec-0008}
-------------------------

Significance of differences among two and multiple groups was evaluated using Student\'s *t* test and Tukey\'s test after the *F* test or ANOVA, respectively. Significance at *P* \< .05 and *P* \< .01 is indicated in the figures. Data are presented as the means ± SEM.

3. RESULTS {#cas13715-sec-0009}
==========

3.1. Transcriptional repression of HER2 by siRNA‐mediated ClC‐3 Cl^−^/H^+^ transporter inhibition in MDA‐MB‐453 cells {#cas13715-sec-0010}
---------------------------------------------------------------------------------------------------------------------

We previously identified transcriptional repression of HER2 by a treatment with Ca^2+^‐activated Cl^−^ channel ANO1 inhibition in human breast cancer YMB‐1 cells.[19](#cas13715-bib-0019){ref-type="ref"} However, these suppressive effects by ANO1 inhibition were not found in HER2‐positive breast cancer MDA‐MB‐453 cells.[19](#cas13715-bib-0019){ref-type="ref"} In YMB‐1 cells, large Ca^2+^‐activated Cl^−^ currents were observed by whole‐cell patch clamp recording, and viability was significantly reduced by pharmacological blockade and siRNA‐mediated inhibition of ANO1,[26](#cas13715-bib-0026){ref-type="ref"} whereas the viability of MDA‐MB‐453 cells was not affected by ANO1 inhibition.[19](#cas13715-bib-0019){ref-type="ref"} In this study, no significant changes were noted in the expression levels of HER2 transcripts by treatment with T16inh‐A01 (T16inh, 10 μmol/L), a specific ANO1 inhibitor (n = 4 for each, *P* \> .05; Figure [1](#cas13715-fig-0001){ref-type="fig"}A). Concomitant with these results, no significant changes were noted in the expression levels of HER2 proteins by the treatment with T16inh in MDA‐MB‐453 cells (n = 4 for each, *P* \> .05; Figure [1](#cas13715-fig-0001){ref-type="fig"}B). However, the other Cl^−^ channels/transporters expressed in MDA‐MB‐453 cells may contribute to the transcriptional repression of HER2.

![Effects of treatment with an anoctamine (ANO)1 blocker, T16inh‐A01, for 48 h on expression levels of human epidermal growth factor receptor 2 (HER2) in MDA‐MB‐453 cells, and expression of ClC and chloride intracellular channel protein (CLIC) members in MDA‐MB‐453 cells. A, Real‐time PCR assay for HER2 in vehicle‐ and 10 μmol/L T16inh‐A01 (T16inh)‐treated MDA‐MB‐453 cells (n = 4 for each). Expression levels were expressed as a ratio to β‐actin (ACTB). B, Protein lysates of vehicle‐ and 10 μmol/L T16inh‐treated MDA‐MB‐453 cells were probed by immunoblotting with anti‐HER2 (upper panel) and anti‐ACTB (lower panel) antibodies on the same filter. Summarized results were obtained as described in Section [2.5](#cas13715-sec-0007){ref-type="sec"} from HER2 and ACTB band signals. After compensation, the HER2 signal in the vehicle control was expressed as 1.0 (n = 4 for each). C, D, Real‐time PCR assay for 7 ClC subtypes (ClC‐1‐ClC‐7) (C) and 6 CLIC subtypes (CLIC1‐CLIC6) (D) in MDA‐MB‐453 cells (n = 3 for each). Results are expressed as means ± SEM](CAS-109-2781-g001){#cas13715-fig-0001}

We first identified the ClC subtypes expressed in MDA‐MB‐453 cells. Among the nine ClC members, the ClC‐3 and ClC‐7 transcripts were highly expressed in MDA‐MB‐453 cells (Figure [1](#cas13715-fig-0001){ref-type="fig"}C). We also identified the intracellular Cl^−^ channel member CLIC1‐6 transcripts in MDA‐MB‐453 cells, with CLIC1 being predominantly expressed (Figure [1](#cas13715-fig-0001){ref-type="fig"}D). As shown in Figure [2](#cas13715-fig-0002){ref-type="fig"}A, transcriptional repression of HER2 was elicited by the siRNA‐mediated inhibition of ClC‐3, but not ANO1, ClC‐7, or CLIC1 (control siRNA \[si‐cont\]; n = 4 for each, *P* \< .01 vs si‐cont). The inhibitory efficacy of each siRNA‐mediated target gene was more than 50% (Figure [S1](#cas13715-sup-0001){ref-type="supplementary-material"}). The siRNA‐mediated inhibition of ClC‐3, but not ANO1, ClC‐7, or CLIC1 significantly reduced HER2 protein levels in MDA‐MB‐453 cells (n = 4 for each, *P* \< .01 vs si‐cont; Figure [2](#cas13715-fig-0002){ref-type="fig"}B‐D). These results suggest that ClC‐3 Cl^−^/H^+^ transporter regulates HER2 transcription in breast cancer cells.

![Effects of siRNA‐mediated inhibition of ClC‐3, ClC‐7, and chloride intracellular channel protein 1 (CLIC)1 on expression levels of human epidermal growth factor receptor 2 (HER2) transcripts in MDA‐MB‐453 cells. A, Real‐time PCR assay for HER2 in control siRNA (si‐cont)‐, ANO1 siRNA (si‐ANO1)‐, ClC‐3 siRNA (si‐ClC‐3)‐, ClC‐7 siRNA (si‐ClC‐7)‐, and CLIC1 siRNA (si‐CLIC1)‐transfected MDA‐MB‐453 cells for 72 h. Expression levels were expressed as a ratio to β‐actin (ACTB). B‐D, Protein lysates of si‐cont‐, si‐ANO1‐, si‐ClC‐3‐, si‐ClC‐7‐, and si‐CLIC1‐transfected MDA‐MB‐453 cells were probed by immunoblotting with anti‐HER2 and anti‐ACTB antibodies on the same filter (B, C). Summarized results were obtained as described in Section [2.5](#cas13715-sec-0007){ref-type="sec"} from HER2 and ACTB band signals (D). After compensation, the HER2 signal in the si‐cont group was expressed as 1.0 (n = 4 for each). Results are expressed as means ± SEM. \*\**P* \< .01 vs si‐cont. ANO, anoctamine](CAS-109-2781-g002){#cas13715-fig-0002}

3.2. Intracellular distribution of ClC‐3 in MDA‐MB‐453 cells {#cas13715-sec-0011}
------------------------------------------------------------

Guzman et al[12](#cas13715-bib-0012){ref-type="ref"} reported differential subcellular localization of 3 neuronal‐type ClC‐3 splice isoforms. In heterologous mammalian expression system, ClC‐3a and ClC‐3b localized to the late endosomal/lysosomal system, whereas ClC‐3c was found in recycling endosome and plasma membrane. Depolarization‐induced outward currents were in ClC‐3c‐expressed HEK293 cells alone.[12](#cas13715-bib-0012){ref-type="ref"} In order to visualize intracellular ClC‐3 protein localization using laser scanning confocal microscopy, the immunocytochemical staining of ClC‐3 in MDA‐MB‐453 cells was carried out with an anti‐ClC‐3 antibody and Alexa Fluor 488 anti‐rabbit IgG antibody. As shown in Figure [3](#cas13715-fig-0003){ref-type="fig"}A,B, fluorescent signals showed a punctate labeling pattern at the cytosol, but not at the plasma membrane. The spectral line profile of fluorescence (Figure [3](#cas13715-fig-0003){ref-type="fig"}C) showed that ClC‐3 proteins were not distributed at the plasma membrane, suggesting that MDA‐MB‐453 may express ClC‐3a and/or ClC‐3b but not ClC‐3c. Similar images were obtained from over 90% cells (n \>20). Fluorescent signals disappeared following the siRNA‐mediated inhibition of ClC‐3 (*P* \< .01 vs control siRNA; Figure [3](#cas13715-fig-0003){ref-type="fig"}D,E,H). ClC‐3 amino acid sequences are close to ClC‐4 and ClC‐5; however, no significant differences in fluorescence signals of ClC‐3 were found in either ClC‐4 siRNA‐ or ClC‐5 siRNA‐transfected cells (Figure [3](#cas13715-fig-0003){ref-type="fig"}F‐H). Common mechanisms for HER2 transcription mediating ANO1 and ClC‐3 may exist in breast cancer cells.

![Cellular distribution of ClC‐3 in MDA‐MB‐453 cells. (A‐C) Immunocytochemical staining of MDA‐MB‐453 cells for ClC‐3. A, Confocal images of a cell labeled with anti‐ClC‐3 and Alexa Fluor 488 anti‐rabbit IgG antibodies. B, a fluorescent image merged with a transparent image. C, the profile of fluorescence intensity on the white dotted line in (B) is shown in "green". The plasma membrane is shown in 'red'. D‐H, ClC‐3 fluorescent images in control siRNA (si‐cont) (D)‐, ClC‐3 siRNA (si‐ClC‐3) (E)‐, ClC‐4 siRNA (si‐ClC‐4) (F)‐, and ClC‐5 siRNA (si‐ClC‐5)‐transfected MDA‐MB‐453 cells for 72 h. Mean fluorescent intensity in the si‐cont group was expressed as 1.0 (n = 24 for each); summarized data are shown in (H). Results are expressed as means ± SEM. \*\**P* \< .01 vs si‐cont](CAS-109-2781-g003){#cas13715-fig-0003}

3.3. Involvement of AKT/mTOR and STAT3 signaling pathways in the regulation of HER2 transcription mediating ClC‐3 in MDA‐MB‐453 cells {#cas13715-sec-0012}
-------------------------------------------------------------------------------------------------------------------------------------

In breast cancer cells, the PI3K/AKT/mTOR and JAK/STAT3 signaling pathways are both major regulators of tumorigenesis‐related gene expression.[20](#cas13715-bib-0020){ref-type="ref"}, [21](#cas13715-bib-0021){ref-type="ref"} In order to identify the contribution of their signaling pathways to HER2 transcription, the effects of a treatment with the AKT inhibitor AZD 5363 (1 μmol/L), the mTOR inhibitor everolimus (10 nmol/L), the mTOR activator MHY 1465 (2 μmol/L), or the STAT3 inhibitor 5,15‐DPP (10 μmol/L) for 24 hours on the expression levels of HER2 transcripts were examined using real‐time PCR assays. As shown in Figure [4](#cas13715-fig-0004){ref-type="fig"}A,B, the respective inhibition of AKT and mTOR induced significant increases (approximately 3‐fold) in HER2 transcription in MDA‐MB‐453 cells. Inhibition of STAT3 subsequently induced a significant decrease in HER2 transcription (Figure [4](#cas13715-fig-0004){ref-type="fig"}D). Correspondingly, the AKT/mTOR inhibition‐induced upregulation and STAT‐3 inhibition‐induced downregulation of HER2 was observed at the protein level using western blotting (Figure [4](#cas13715-fig-0004){ref-type="fig"}E,F,H). Activation of mTOR induced significant decreases in HER2 transcript and protein levels (Figure [4](#cas13715-fig-0004){ref-type="fig"}C,G). In order to determine direct effects of ClC‐3 inhibition on the activation of AKT and STAT3, we examined the effects of siRNA‐mediated inhibition of ClC‐3 on AKT and STAT3 phosphorylation (P‐AKT and P‐STAT3) in MDA‐MB‐453 cells by western blotting. After compensation of the expression levels of AKT, P‐AKT, STAT3, and P‐STAT3 proteins by ACTB, the ratios of P‐AKT to AKT and P‐STAT3 to STAT3 in the control siRNA‐transfected group (si‐cont) were arbitrarily expressed as 1.0, respectively. As shown in Figure [5](#cas13715-fig-0005){ref-type="fig"}A,B, siRNA‐mediated inhibition of ClC‐3 (si‐ClC‐3) resulted in increased AKT phosphorylation and decreased STAT3 phosphorylation in MDA‐MB‐453 cells (n = 6 for each, *P* \< .01 vs si‐cont). Significant changes in AKT and STAT3 phosphorylation were not found by siRNA‐mediated inhibition of ANO1 in MDA‐MB‐453 cells (Figure [S2](#cas13715-sup-0001){ref-type="supplementary-material"}A,B).

![Effects of the treatment with the AKT kinase inhibitor AZD 5363 (1 μmol/L), the mammalian target of rapamycin (mTOR) inhibitor everolimus (10 nmol/L), the mTOR activator MHY 1485 (2 μmol/L), and the signal transducer and activator of transcription (STAT)3 inhibitor 5,15‐diphenylporphyrin (5,15‐DPP; 10 μmol/L) on expression levels of human epidermal growth factor receptor 2 (HER2) transcripts (for 24 h) and proteins (for 48 h) in MDA‐MB‐453 cells. A‐D, Real‐time PCR assay for HER2 in AZD 5363‐ (A), everolimus‐ (B), MHY 1485‐ (C), and 5,15‐DPP‐treated MDA‐MB‐453 cells (D) (n = 4 for each). Expression levels are expressed as a ratio to β‐actin (ACTB). E‐H, Protein lysates of AZD 5363‐ (E), everolimus‐ (F), MHY 1485‐ (G), and 5,15‐DPP‐treated MDA‐MB‐453 cells (H) were probed by immunoblotting with anti‐HER2 (upper panel) and anti‐ACTB (lower panel) antibodies on the same filter. After compensation, the HER2 signal in the vehicle control was expressed as 1.0 (n = 4 for each). Results are expressed as means ± SEM. \*,\*\**P* \< .05, .01 vs the vehicle control](CAS-109-2781-g004){#cas13715-fig-0004}

![Effects of siRNA‐mediated inhibition of ClC‐3 for 72 h on the expression levels of phosphorylated AKT (P‐AKT) and phosphorylated STAT3 (P‐STAT3) proteins in MDA‐MB‐453 cells. A, B, Protein lysates of control siRNA (si‐cont) and ClC‐3 siRNA (si‐ClC‐3)‐transfected MDA‐MB‐453 cells were probed by immunoblotting with anti‐P‐AKT, anti‐AKT, and anti‐ACTB (A) or anti‐P‐STAT3, STAT3, and ACTB (B). After compensation, the ratio of P‐AKT to AKT or P‐STAT3 to STAT3 in si‐cont was expressed as 1.0 (n = 6 for each). Results are expressed as means ± SEM. \*\**P* \< .01 vs si?cont. ACTB, β‐actin; STAT, signal transducer and activator of transcription](CAS-109-2781-g005){#cas13715-fig-0005}

3.4. Involvement of AKT/mTOR, but not STAT3 signaling pathway in the regulation of HER2 transcription in breast cancer YMB‐1 cells {#cas13715-sec-0013}
----------------------------------------------------------------------------------------------------------------------------------

We identified ClC and CLIC Cl^−^ channel members in YMB‐1 cells. Similar to MDA‐MB‐453 cells, ClC‐3 and CLIC1 were the main components of their members in YMB‐1 cells (Figure [6](#cas13715-fig-0006){ref-type="fig"}A,B). A previous study indicated that the inhibition of ANO1 induced a significant decrease in HER2 transcription in YMB‐1 cells.[19](#cas13715-bib-0019){ref-type="ref"} In YMB‐1 cells, siRNA‐mediated inhibition of ClC‐3 did not affect HER2 transcription (Figure [6](#cas13715-fig-0006){ref-type="fig"}C). Similar to MDA‐MB‐453 cells, no significant changes were observed in HER2 transcription by the siRNA‐mediated inhibition of ClC‐7 or CLIC1 in YMB‐1 cells (Figure [6](#cas13715-fig-0006){ref-type="fig"}C). The siRNA‐mediated inhibition of ANO1 significantly reduced gene and protein expression levels of HER2 in YMB‐1 cells (Figure [6](#cas13715-fig-0006){ref-type="fig"}D; Figure [S3](#cas13715-sup-0001){ref-type="supplementary-material"}A,B).[19](#cas13715-bib-0019){ref-type="ref"} As shown in Figure [7](#cas13715-fig-0007){ref-type="fig"}A,B, the respective inhibition of AKT and mTOR induced a significant increase in HER2 transcription in YMB‐1 cells. Correspondingly, the AKT/mTOR inhibition‐induced upregulation of HER2 was observed at the protein level (Figure [7](#cas13715-fig-0007){ref-type="fig"}D,E). In contrast to MDA‐MB‐453 cells, the inhibition of STAT3 did not significantly affect HER2 expression in YMB‐1 cells (Figure [7](#cas13715-fig-0007){ref-type="fig"}C,F). In order to determine the direct effects of ANO1 inhibition on the activation of AKT and STAT3, we next examined the effects of siRNA‐mediated inhibition of ANO1 on P‐AKT and P‐STAT3 in YMB‐1 cells by western blotting. As shown in Figure [8](#cas13715-fig-0008){ref-type="fig"}A,B, siRNA‐mediated inhibition of ANO1 (si‐ANO1) resulted in increased AKT phosphorylation and decreased STAT3 phosphorylation in YMB‐1 cells (n = 6 for each, *P* \< .01 vs si‐cont). Significant changes in AKT and STAT3 phosphorylation were not found by the siRNA‐mediated inhibition of ClC‐3 in YMB‐1 cells (Figure [S2](#cas13715-sup-0001){ref-type="supplementary-material"}C,D).

![Distribution of ClC and chloride intracellular channel protein (CLIC) subtype transcripts and effects of siRNA‐mediated inhibition of YMB‐1 cells. A, B, Real‐time PCR assay for 7 ClC subtypes (ClC‐1‐ClC‐7) (A) and 6 CLIC subtypes (CLIC1‐CLIC6) in YMB‐1 cells (n = 3 for each). C, Real‐time PCR assay for human epidermal growth factor receptor 2 (HER2) in control siRNA (si‐cont)‐, ClC‐3 siRNA (si‐ClC‐3)‐, ClC‐7 siRNA (si‐ClC‐7)‐, and CLIC1 siRNA (si‐CLIC1)‐transfected YMB‐1 cells for 72 h. Expression levels are expressed as a ratio to β‐actin (ACTB). D, Protein lysates of si‐cont‐, si‐ClC‐3‐, si‐ClC‐7‐, si‐ANO1‐, and si‐CLIC1‐transfected YMB‐1 cells were probed by immunoblotting with anti‐HER2 and anti‐ACTB antibodies on the same filter (Figure [S2](#cas13715-sup-0001){ref-type="supplementary-material"}A,B). After compensation, the HER2 signal in the si‐cont group was expressed as 1.0 (n = 4 for each). Results are expressed as means ± SEM. \*\**P* \< .01 vs si‐cont](CAS-109-2781-g006){#cas13715-fig-0006}

![Effects of treatment with the AKT kinase inhibitor AZD 5363 (1 μmol/L), the mammalian target of rapamycin (mTOR) inhibitor everolimus (10 nmol/L), and the signal transducer and activator of transcription (STAT)3 inhibitor 5,15‐diphenylporphyrin (5,15‐DPP; 10 μmol/L) for 24 h on the expression levels of human epidermal growth factor receptor 2 (HER2) transcripts and proteins in YMB‐1 cells. A‐C, Real‐time PCR assay for HER2 in AZD 5363‐ (A), everolimus‐ (B), and 5,15‐DPP‐treated YMB‐1 cells (C) (n = 4 for each). Expression levels were expressed as a ratio to β‐actin (ACTB). D‐F, Protein lysates of AZD 5363‐ (D), everolimus‐ (E), and 5,15‐DPP‐treated (F) YMB‐1 cells were probed by immunoblotting with anti‐HER2 (upper panel) and anti‐ACTB (lower panel) antibodies on the same filter. After compensation, the HER2 signal in the vehicle control was expressed as 1.0 (n = 4 for each). Results are expressed as means ± SEM. \*\**P* \< .01 vs the vehicle control](CAS-109-2781-g007){#cas13715-fig-0007}

![Effects of siRNA‐mediated inhibition of ANO1 for 72 h on the expression levels of phosphorylated AKT (P‐AKT) and phosphorylated STAT3 (P‐STAT3) proteins in YMB‐1 cells. A, B, Protein lysates of control siRNA (si‐cont) and ANO1 siRNA (si‐ANO1)‐transfected YMB‐1 cells were probed by immunoblotting with anti‐P‐AKT, anti‐AKT, and anti‐ACTB (A) or anti‐P‐STAT3, STAT3, and ACTB (B). After compensation, the ratio of P‐AKT to AKT or P‐STAT3 to STAT3 in si‐cont was expressed as 1.0 (n = 6 for each). Results are expressed as means ± SEM. \*\**P* \< .01 vs the vehicle control. ACTB, β‐actin; ANO, anoctamine; STAT, signal transducer and activator of transcription](CAS-109-2781-g008){#cas13715-fig-0008}

3.5. Effects of siRNA‐mediated inhibition of ClC‐3 and ANO1 on expression levels of transcriptional factors of HER2, and histone deacetylases in MDA‐MB‐453 and YMB‐1 cells {#cas13715-sec-0014}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Previous studies indicated that: (i) HER2 transcription is regulated by several transcriptional factors: AP‐2, EGR2, and STAT3 as positive regulators, and Foxp3, EBP1, and MBP‐1 as negative regulators; and (ii) the expression level of HER2 positively correlates with that of HDAC6 in breast cancer cells.[27](#cas13715-bib-0027){ref-type="ref"}, [28](#cas13715-bib-0028){ref-type="ref"} Three members of AP‐2 are expressed in breast cancer: AP‐2α, β, and γ. As shown in Figure [9](#cas13715-fig-0009){ref-type="fig"}, no significant changes were observed in the expression levels of the HER2 transcription regulators examined (AP‐2α, AP‐2β, AP‐2γ, STAT3, EBP1, MBP‐1, and HDAC6) following the siRNA‐mediated inhibition of ClC‐3 in MDA‐MB‐453 cells. EGR2 and Foxp3 transcripts were less abundantly expressed in MDA‐MB‐453 cells (not shown). Similarly, no significant changes were noted in these molecules following the pharmacological blockade and siRNA‐mediated inhibition of ANO1 in YMB‐1 cells (Figure [9](#cas13715-fig-0009){ref-type="fig"} and Figure [S4](#cas13715-sup-0001){ref-type="supplementary-material"}).

![Effects of siRNA‐mediated inhibition of ClC‐3 and ANO1 on expression levels of human epidermal growth factor receptor 2 (HER2)‐related transcriptional factor transcripts in MDA‐MB‐453 and YMB‐1 cells, respectively. Real‐time PCR assay for AP‐2α (A, H), AP‐2β (B, I), AP‐2γ (C, J), STAT3 (D, K), EBP1 (E, L), MBP‐1 (F, M), and HDAC6 (G, N) in control siRNA (si‐cont) and ClC‐3 siRNA (si‐ClC‐3)‐transfected MDA‐MB‐453 cells for 72 h (A‐G) and ANO1 siRNA (si‐ANO1)‐transfected YMB‐1 cells for 72 h (H‐N), respectively. Expression levels were expressed as a ratio to ACTB (n = 4 for each). Results are expressed as means ± SEM. ANO, anoctamine; AP, activator protein; EBP, ErbB3‐binding protein; HDAC, histone deacetylase; MBP‐1, major basic protein 1; STAT, signal transducer and activator of transcription](CAS-109-2781-g009){#cas13715-fig-0009}

4. DISCUSSION {#cas13715-sec-0015}
=============

We recently showed that inhibition of the Ca^2+^‐activated Cl^−^ channel ANO1 downregulated the expression of HER2 in breast cancer YMB‐1 cells.[19](#cas13715-bib-0019){ref-type="ref"} However, no significant changes in HER2 transcription levels were noted following pharmacological inhibition (Figure [1](#cas13715-fig-0001){ref-type="fig"}A,B) of ANO1 in MDA‐MB‐453 cells. In MDA‐MB‐453 cells, siRNA‐mediated inhibition of ClC‐3 Cl^−^/H^+^ transporter exerted transcriptional repression of HER2 (Figure [2](#cas13715-fig-0002){ref-type="fig"}). ANO1 and ClC‐3 both promote tumor metastasis and are associated with a poor prognosis.[6](#cas13715-bib-0006){ref-type="ref"}, [29](#cas13715-bib-0029){ref-type="ref"} ANO1 proteins are localized at the plasma membrane and regulate membrane potential,[30](#cas13715-bib-0030){ref-type="ref"} whereas ClC‐3 proteins are distributed among intracellular organelles such as endosomes and lysosomes, and are involved in vesicular acidification and Cl^−^ accumulation as a Cl^−^/H^+^ transporter.[2](#cas13715-bib-0002){ref-type="ref"}, [31](#cas13715-bib-0031){ref-type="ref"} As shown in Figure [3](#cas13715-fig-0003){ref-type="fig"}, ClC‐3 proteins were expressed in intracellular vesicles in MDA‐MB‐453 cells. Recent studies indicated that ClC‐3 proteins are transcriptional regulators that control gene expression such as osteogenic markers;[13](#cas13715-bib-0013){ref-type="ref"}, [14](#cas13715-bib-0014){ref-type="ref"} however, the regulatory mechanisms underlying Cl^−^ channel/transporter‐induced modifications to gene expression have yet to be elucidated. The most important results of the present study are those clarifying the involvement of the PI3K/AKT/mTOR and JAK/STAT3 signaling pathways in the Cl^−^ channel/transporter‐induced modification of HER2 transcription in breast cancer cells. A previous study reported that CLIC1 promoted transcription of the pro‐inflammatory cytokine, interleukin (IL)‐1β in LPS‐stimulated macrophages.[32](#cas13715-bib-0032){ref-type="ref"} Among the 6 members of intracellular Cl^−^ channels, CLIC, CLIC1 was predominantly expressed in MDA‐MB‐453 and YMB‐1 cells (Figures [1](#cas13715-fig-0001){ref-type="fig"}D and [6](#cas13715-fig-0006){ref-type="fig"}B); however, the siRNA‐mediated inhibition of CLIC1 did not repress HER2 transcription in either cell (Figures [2](#cas13715-fig-0002){ref-type="fig"}A and [6](#cas13715-fig-0006){ref-type="fig"}C).

The PI3K/AKT/mTOR and JAK/STAT3 signaling pathways are both crucial regulators of tumorigenesis‐related gene expression.[20](#cas13715-bib-0020){ref-type="ref"}, [21](#cas13715-bib-0021){ref-type="ref"} Liu et al[22](#cas13715-bib-0022){ref-type="ref"} discovered that ClC‐3 activators inhibited the PI3K/AKT/mTOR signaling pathway in the human nasopharyngeal cancer cell line CNE‐1. As shown in Figures [4](#cas13715-fig-0004){ref-type="fig"}A‐C and [7](#cas13715-fig-0007){ref-type="fig"}A,B, the expression levels of HER2 transcripts were markedly increased by the respective treatments with AKT and mTOR inhibitors in MDA‐MB‐453 and YMB‐1 cells. In addition, the siRNA‐mediated inhibition of ClC‐3 and ANO1 significantly enhanced AKT phosphorylation, respectively (Figures [5](#cas13715-fig-0005){ref-type="fig"}A and [8](#cas13715-fig-0008){ref-type="fig"}A). These results suggest that the ANO1/ClC‐3 inhibition‐induced activation of the PI3K/AKT/mTOR signaling pathway may be involved in the transcriptional repression of HER2 in breast cancer cells. STAT3 is constitutively activated in breast cancer cells,[20](#cas13715-bib-0020){ref-type="ref"} and the activated STAT3 signaling pathway is associated with high HER2 levels.[24](#cas13715-bib-0024){ref-type="ref"} Previous studies demonstrated that inhibition of the PI3K/AKT and JAK/STAT3 signaling pathways reduced glioblastoma cell proliferation, migration, and invasion.[33](#cas13715-bib-0033){ref-type="ref"}, [34](#cas13715-bib-0034){ref-type="ref"} Similar to these findings, our study showed significant suppression of the viability of MDA‐MB‐453 cells by treatments with the AKT inhibitor AZD 5363, the mTOR inhibitor everolimus, and the STAT3 inhibitor 5,15‐DPP (not shown). Figures [5](#cas13715-fig-0005){ref-type="fig"}B and [8](#cas13715-fig-0008){ref-type="fig"}B show that siRNA‐mediated inhibition of ClC‐3 and ANO1 significantly suppressed STAT3 phosphorylation, respectively. Expression levels of HER2 transcripts were significantly decreased by the treatment with the STAT3 inhibitor in MDA‐MB‐453 cells (Figure [4](#cas13715-fig-0004){ref-type="fig"}D). In contrast, no significant decrease in HER2 transcription by this treatment was noted in YMB‐1 cells (Figure [7](#cas13715-fig-0007){ref-type="fig"}C). Chang et al[35](#cas13715-bib-0035){ref-type="ref"} showed that inhibition of ANO5 activated the JAK/STAT3 signaling pathway in thyroid cancer cells. High ANO1 activity in YMB‐1 cells may prevent the constitutive JAK/STAT3 signaling pathway.

Transcription of the HER2 gene is regulated by a number of transcriptional factors such as AP‐2, EGR2, and STAT3 as positive regulators, and Foxp3, EBP1, and MBP‐1 as negative regulators.[27](#cas13715-bib-0027){ref-type="ref"} As shown in Figure [9](#cas13715-fig-0009){ref-type="fig"}, no significant changes in the expression levels of their transcripts were noted following the siRNA‐mediated inhibition of ClC‐3 and ANO1 in MDA‐MB‐453 and YMB‐1 cells. Our previous study showed high expression levels of HDAC1, 2, 3, and 6 in both cell lines.[19](#cas13715-bib-0019){ref-type="ref"} Seo et al[36](#cas13715-bib-0036){ref-type="ref"} reported a positive correlation between HER2 and HDAC6, but not HDAC1, 2, or 3 in breast cancer cells. As shown in Figure [9](#cas13715-fig-0009){ref-type="fig"}G,N, no significant changes in the expression level of HDAC6 by the siRNA‐mediated inhibition of ClC‐3 or ANO1 were found in either cell line.

Constitutive activation of the PI3K/AKT/mTOR signaling pathway results in resistance to trastuzumab and other anti‐HER2 therapies.[37](#cas13715-bib-0037){ref-type="ref"} Pohlmann et al[38](#cas13715-bib-0038){ref-type="ref"} showed that trastuzumab elevated levels of phosphorylated AKT and AKT kinase activity. As shown in Figures [5](#cas13715-fig-0005){ref-type="fig"}A and [8](#cas13715-fig-0008){ref-type="fig"}A, ANO1/ClC‐3 inhibition enhanced AKT phosphorylation in YMB‐1 and MDA‐MB‐453 cells. These results suggest that ClC‐3 inhibitor might promote trastuzumab resistance through activation of the PI3K/AKT/mTOR signaling pathway. Kulkarni et al[17](#cas13715-bib-0017){ref-type="ref"} recently reported that ANO1 contributed to the acquirement of resistance to anti‐HER2 therapies. However, our main finding is that ANO1/ClC‐3 inhibition downregulates the expression levels of HER2 proteins through transcriptional repression of it, suggesting that targeting ANO1/ClC‐3 may prevent resistance to anti‐HER2 therapies in breast cancer. Further studies will be needed to clarify the clinical implications of ANO1/CIC‐3 targeting to prevent resistance to anti‐HER2 therapies. AKT/mTOR inhibitors also reduce resistance to HER2‐targeted therapy, thereby improving the management of patients with resistance to anti‐HER2 therapies.[39](#cas13715-bib-0039){ref-type="ref"} In the present study, AKT/mTOR inhibitors induced marked increases in HER2 expression (Figures [4](#cas13715-fig-0004){ref-type="fig"} and [7](#cas13715-fig-0007){ref-type="fig"}). A recent study showed that activation of the STAT3 signaling pathway promoted trastuzumab resistance in HER2‐overexpressing breast cancer cells.[40](#cas13715-bib-0040){ref-type="ref"} Therefore, co‐targeting HER2 and AKT/mTOR/STAT3 may prevent resistance to anti‐HER2 therapies in breast cancer.

In conclusion, the present results indicate the importance of ANO1/ClC‐3 in therapeutics for HER2‐positive breast cancer with resistance to anti‐HER2 therapies. ANO1 expression has been investigated in cancer patients categorized according to estrogen receptor, progesterone receptor, and HER2, and a recent report showed that breast cancer cells resistant to trastuzumab showed upregulation of ANO1.[17](#cas13715-bib-0017){ref-type="ref"} Correlation between chemotherapy drug resistance and ClC‐3 expression is well known;[7](#cas13715-bib-0007){ref-type="ref"} however, ClC‐3 expression in categorized cancer patients has not been sufficiently studied. Further studies will be needed to clarify the correlation between ClC‐3 expression and HER2 expression/trastuzumab resistance in a particular cancer patient. Anti‐HER2 therapies such as trastuzumab are molecular targeting drugs used in the treatment of gastric, colorectal, and cervical cancers.[28](#cas13715-bib-0028){ref-type="ref"}, [41](#cas13715-bib-0041){ref-type="ref"}, [42](#cas13715-bib-0042){ref-type="ref"} The STAT3 signaling pathway is associated with high expression levels of HER2 in cervical cancer cells,[42](#cas13715-bib-0042){ref-type="ref"} and ClC‐3 is highly expressed in the HER2‐positive gastric cancer cell line NCT‐N87 (not shown). ClC‐3 Cl^−^/H^+^ transporter in addition to ANO1 may be novel and effective targets for the treatment of HER2‐positive cancers. Further studies on Cl^−^‐regulated tumor target gene regulation will provide novel therapeutic approaches for molecular targeting treatments in cancer.
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